INTRODUCTION
The nonrenewable nature of fossil fuels and environmental considerations such as CO 2 emissions, global warming, and ozone depletion are main issues related to sustainable development. In this regard, increased use of renewable energy sources such as solar, wind, and biomass is an alternative option. 1, 2 Increasing the efficiency of various processes via recovery of waste heat using thermoelectric materials is also being pursued. [3] [4] [5] This technology is more reliable because it does not produce noise or vibration and has no mechanical moving parts. The thermoelectric efficiency can be defined based on a dimensionless figure of merit zT ¼ S 2 T qj tot , where T is the absolute temperature, S is the Seebeck coefficient, q is the electrical resistivity, and j tot is the total thermal conductivity, being the sum of two components: a lattice component j l and an electronic component j e . The power factor can be defined as PF ¼ S 2 q . A good thermoelectric material needs large Seebeck coefficient, minimum electrical resistivity and thermal conductivity, and maximum power factor. 4, 6, 7 Recently, a lot of attention has been focused on In 4 Se 3 , In 4 Se 3Àx , and In 4 Te 3 materials due to their high zT values. [8] [9] [10] For singlecrystal In 4 Se 2.35 , the highest reported zT value is 1.48 at 705 K in b-c plane. 10 In 4 Se 3 exhibits a unique two-dimensional crystalline sheet layered structure with weak van der Waals interactions, containing charge density waves which are involved in low-dimensional transport phenomena rendered by lattice (Peierls) distortion. Enhanced phonon scattering greatly reduces the thermal conductivity. 10 À6 kPa and heated up to 500°C at rate of 33°C/h, kept for 24 h, then slowly cooled (2°C/h) to 470°C, at which temperature they were left for 24 h after switching off the furnace, then cooled to room temperature. 13, 14 In the modified Bridgman-Stockbarger technique, both the furnace and silica tube remain stationary. The furnace has a high-temperature zone located in the top portion, where molten material exists, and a low-temperature zone at the bottom, where the tapered portion of the silica tube containing the crystal is present. To maintain a temperature gradient in the silica tube within the furnace, we cooled the sample at a very slow rate of $2°C/h. 17, 18 In our case, the sample diameter was about 14 mm and the cooling rate was $2°C/h from 500°C to 470°C, so according to our heating cycle, the typical growth rate was about 0.9 mm/h to 1 mm/h. 19, 20 The density of all the parallelepiped single crystals was 3.30 g/cm 3 A photograph of all the single crystals is shown in Fig. 1 . The thermal conductivity and Seebeck coefficient were measured using the Thermal Transport Option (TTO) in a Physical Property Measurement System (PPMS; Quantum Design Inc., USA). Resistivity, heat capacity, and Hall coefficient measurements were performed using the Resistivity, Heat Capacity, and Alternating Current Transport (ACT) option. Powder x-ray diffraction patterns were obtained using an x-ray diffraction (XRD) system (Philips X'Pert Pro, The Netherlands) with Cu K a radiation. The electrical resistivity as a function of temperature from 6 K to 395 K is shown in Fig. 3 . The resistivity for In 2 Te 1Àx Se x ð Þ 5 (x = 0, 0.05, 0.10) reveals three regions. First, from 395 K to 300 K, second from 300 K to 50 K, and a third below 50 K. With decreasing temperature, the resistivity increases, passes through an intermediate region, then increases again below about 50 K. This indicates a change of conductivity from intrinsic to impurity, and variation of the hole concentration with temperature. 13 The resistivity of the In 2 Te 1Àx Se x ð Þ 5 samples up to x = 0.10 exhibited extrinsic semiconducting behavior. 21 With increasing Se substitution, the electrical resistivity decreased upon 5% Fe substitution at In site, and the overall resistivity of Fe 0.05 In 1.95 Figure 4 shows the temperature-dependent Seebeck coefficient for all samples in the temperature range of 6 K to 395 K. All samples showed positive S values, indicating that the majority carriers are holes (p-type). For the In 2 Te 5 sample, the thermopower increased with increasing temperature, reaching a maximum of 409 lV/K at 267 K. As the temperature was further increased, S decreased to a value of 163 lV/K at 390 K. For the 5% and 10% Sesubstituted samples, the Seebeck coefficient was much larger than for the In 2 Te 5 compound, reaching about 492 lV/K and 535 lV/K at 245 K and 219 K, respectively. For the Se-substituted samples, the maximum in the S-T plot shifted to lower temperature. Meanwhile, the resistivity was reduced compared with the parent compound. At the same temperature, S increased to 500 lV/K. This can be explained based on the work by Snyder and Toberer, 22 who investigated the thermoelectric behavior of heavily doped semiconductors with carrier concentration between 10 19 cm À3 and 10 21 cm À3 . In our case, upon 10% Se substitution, the carrier concentration increased to 2.2 9 10 14 cm À3 at 200 K (Fig. 5) , where an optimal S is seen, then decreased with increasing temperature. Concomitantly, there was a reduction in q at 200 K.
RESULTS AND DISCUSSION
The carrier concentration was calculated from the Hall coefficient using the formula n ¼ 1 = R H j je , where n is the carrier concentration, e is the electronic charge, and R H is the Hall coefficient. 5 sample, in good agreement with the resistivity data. Figure 6 shows the temperature-dependent lattice thermal conductivity and total and electronic thermal conductivities (inset) for the 5 increased with increasing temperature in the range from 6 K to 50 K following a power law, reaching a maximum when the phonon mean free path became comparable to the crystal dimension. 23 Thereafter, the thermal conductivity decreased with increasing temperature as 1/T. 23 The lattice thermal conductivity increased with increasing Se substitution in 15 We also observed a substantial decrease in thermal conductivity in the Fe-substituted single crystals, which is attributed to enhanced phonon scattering at point defects due to the large atomic mass difference between Fe (55.8 g/mol) and In (114.8 g/mol), thereby lowering the lattice thermal conductivity. 15 This reveals that the lower lattice thermal conductivity results from the intrinsic behavior of the samples and not sample porosity. These results suggest that the phonon contribution is dominant. The inset panels in Fig. 6 show j and j e , indicating that the Se-and Fe-substituted In 2 Te 5 compound showed enhanced electronic thermal conductivity. In the case of Fe 0.05 In 1.95 (Te 0.90 Se 0.10 ) 5 , j e was two orders of magnitude higher ($0.017 W/K-m) than for In 2 Te 5 with j e of $0.00015 W/K-m at 390 K. Figure 7 shows the calculated temperaturedependent phonon mean free path (l ph ). The theoretical calculated phonon mean free path can be obtained by the kinetic formula j l ¼ 1 3 C ph v s l ph , where C ph is the phonon heat capacity, v s is the velocity of sound, and j l is the lattice thermal conductivity. 23, 24 To obtain the phonon heat capacity, the Debye-Einstein fitting equation was used for all samples 24, 26 :
where R is the gas constant, h D is the Debye temperature,
, and h E is the Einstein temperature.
For fitting, both the Debye and Einstein terms were considered. Westrum and Komada 25 showed that the Debye-Einstein model is accurate to express the phonon distribution for the lattice heat capacity. The Debye approximation can be useful for acoustic phonon modes, while the Einstein function applies for optical phonon modes. For heat capacity fitting, one Debye mode and one Einstein mode were used for all samples, revealing good agreement with experimental data. Similar treatment was applied in a number of other reports; [26] [27] [28] [29] For instance, the Debye-Einstein fit for In 2 Te 5 is shown in the inset in Fig. 7 n is the number density. Using the phonon heat capacity, velocity of sound, and lattice thermal conductivity, the phonon mean free path was estimated as shown in Fig. 7 5 sample. The enhancement in the power factor was mainly due to reduced electrical resistivity. Figure 9 shows the temperature dependence of zT for In 2 À4 ), at around 347 K. This greatly enhanced zT value is mainly due to reduced thermal conductivity and reduced electrical resistivity. The zT value could be further increased by optimizing the Fe concentration. 15 
CONCLUSIONS
We successfully synthesized and characterized the thermoelectric properties of p-type In 2 (Te 1Àx Se x ) 5 was reduced to 0.0065 X m while S increased to 535 lV/K at about 219 K. For Fe 0.05 In 1.95 (Te 0.90 Se 0.10 ) 5 , the lattice thermal conductivity and resistivity decreased to 0.31 W/K-m and 0.00039 X m at 330 K, respectively. Even though the S value deteriorated, there was an overall improvement in zT. The major reduction in the lattice thermal conductivity was due to the large atomic mass difference between dopant Fe and host In. 15 The maximum zT value obtained was 0.076 at 347 K for the Fe 0.05 In 1.95 (Te 0.90 Se 0.10 ) 5 sample.
